Abstract. We determine the three-dimensional shear wave velocity structure of the crust and upper mantle in China using Green's functions obtained from seismic ambient noise cross-correlation. The data we use are from the China National Seismic Network, global and regional networks and PASSCAL stations in the region. We first acquire crosscorrelation seismograms between all possible station pairs. We then measure the Rayleigh wave group and phase dispersion curves using a frequency-time analysis method from 8 to 60 s. After that, Rayleigh wave group and phase velocity dispersion maps on 1° by 1° spatial grids are obtained at different periods. Finally, we invert these maps for the 3-D shear wave velocity structure of the crust and upper mantle beneath 2 China at each grid node. The inversion results show large-scale structures that correlate well with surface geology. Near the surface, velocities in major basins are anomalously slow, consistent with the thick sediments.
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of India-Eurasia led to the shortening and elevation of the Tibetan plateau; and the subduction of the Pacific and Philippine plates led to the formation of island arcs and continental rift zones. Between these convergent boundaries, extensional features are common, such as the extension in the Sino-China block (Nabelek et al., 1987; Ying et al., 2006) and in the Tibetan Plateau (Armijo et al., 1986; Turner et al., 1996; Blisniuk et al., 2001; Williams et al., 2001; Zhang et al., 2004) . To understand the mechanisms, history and the relationships between these unique tectonic features, detailed information about the structure of the crust and upper mantle beneath China and its surrounding areas is strongly needed.
Seismic tomography is a useful and powerful tool to investigate the substructure of China. Numerous body wave and surface wave tomography studies have been conducted in China and its surrounding areas (e.g., Wu et al., 1997; Ritzwoller et al., 1998; Villasenor et al., 2001; Friederich, 2003; Huang et al., 2003; Liang et al., 2004; Shapiro et al., 2004; Li et al., 2006; Sun and Toksoz, 2006) . But these earthquakegenerated data have their own limitations: Commonly, because of the uneven distribution of earthquakes and available stations, the coverage of these data is generally sparse and non-uniform. Body waves have especially sparse coverage in the crust and upper mantle from far field earthquakes, while surface waves at short periods are difficult to obtain due to the attenuation and scattering, and they have long wavelengths and lower lateral resolution. Although there is general agreement in the largescale structures that are imaged, discrepancies remains at the smaller scales needed to unravel the tectonic history of the region. In recent years, significant efforts have been expended to determine detailed structural information using local and temporary seismic networks. Unfortunately, the studies have mainly focused on local scale structures, especially within Tibet (e.g., Nelson et al., 1996; Sandvol et al., 1997; Hauck et al., 1998; Zhao et al., 2001; Tilmann and Ni, 2003; Liang and Song, 2006; Tseng et al., 2009) . Detailed structural information at continental scales is still needed in order to improve understanding of the dynamics and tectonic evolution of China and its environs.
Recent studies have shown that surface waves can be retrieved from seismic coda waves (Campillo and Paul, 2003; Paul et al., 2005) or seismic ambient noise (e.g., Shapiro and Campillo, 2004; Shapiro et al., 2005; Sabra et al., 2005a; Sabra et al., 2005c) . This method overcomes several limitations of earthquake-generated signals. First, path density depends only on the distribution of stations, which is especially helpful in aseismic regions. Second, uncertainties in earthquake locations, origin times and initial phases are avoided, because no earthquake information is needed. Third, good short period (< 20 sec) surface waves dispersion measurements can be extracted, while this is typically not true for conventional signals due to high attenuation and long earthquake-station paths. Thus, surface waves from ambient noise are generally better at constraining shallower structures, especially in the crust. The application of this new type of data to a variety of regions has been growing rapidly both at continental and regional scales (e.g., Sabra et al., 2005b; Shapiro et al., 2005; Bensen et al., 2007; Moschetti et al., 2007; Yang et al., 2007; Bensen et al., 2008; Lin et al., 2008; Yao et al., 2008; Zheng et al., 2008; Li et al., 2009) , and has begun to reveal detail information about the crust and upper mantle structure.
In this study, we use data from new Chinese National Seismic Network (CNSN) across China, permanent and regional stations from surrounding areas and PASSCAL experiments in this region (Fig. 1) . The CNSN has been deployed since 2000, and is the backbone network in the whole China region. The addition of CNSN stations and PASSCAL stations has greatly expanded data coverage, making ray path coverage more uniform, especially in the eastern part of China. We use the vertical component of seismograms only and focus on Rayleigh wave group and phase dispersion curves. Parts of this data set already have been used by Zheng et al. (2008) . We obtain the surface wave dispersion curves between station pairs from stacked ambient noise cross-correlations, and then use tomographic methods to obtain the dispersion maps. Finally, we invert for 1-D shear wave velocity profiles beneath each of the ~2400 6 grid locations across the region of study. These 1D profiles are combined to construct a 3-D shear wave velocity model of the crust and upper mantle beneath China. Our results generally display correlations between subsurface structures and surface geology. Some remarkable features, such as the mid/lower crustal low velocity zones beneath most of the Tibetan region, may illuminate the tectonic dynamics there.
Data and Method
The data we used are 18 months vertical-component continuous seismograms from 48 China National Seismic Network (CNSN) stations, 32 global and regional network stations in the surrounding region (the IRIS global seismic network, Taiwan, Kyrgyz and Kazakh networks), and 96 PASSCAL stations deployed in Tibet and the Sichuan Basin during the same period (Namche Barwa and 2003MIT-China) (Fig.1 ). All these data are broadband. Parts of our data set, such as data from the CNSN stations, are the same as in Zheng et al. (2008) . When the stations of the regional and PASSCAL networks are added, the general ray coverage is much improved (typical ray density can be seen in Fig. 2 ).
The general process for our inversion is as follows. First, we obtain empirical Green's function (EGF) for Rayleigh waves between all the station pairs. The process we used here is described in detail in Bensen et al. (2007) . Basically, it involves instrument response removal, clock synchronization, time-domain normalization, band-pass filtering (5-150 s period), and spectral whitening. We then do cross correlation on each day's seismograms between all possible stations, and stack all the correlations to get the EGF. An EGF if accepted if its signal to noise ratio (SNR) is greater than 10 and the inter-station distance at least 3 times of wavelength at a given period. After this selection, about 30-50% of the EGFs remain. Second, we use frequency-time analysis (FTAN) (Levshin and Ritzwoller, 2001 ) to measure the Rayleigh wave group and phase velocity dispersion curves between station pairs from the selected EGFs.
Third, the group and phase velocity tomography maps in this region are then constructed (Barmin et al., 2001 ) on a 1° by 1° grid (Fig. 4) . Pure path dispersion curves at each grid node are obtained from the dispersion maps as a function of period. Finally, we invert for 1-D shear wave velocity structure of the crust and upper mantle beneath each grid node and these profiles are combined to construct a 3-D shear wave velocity map .
The dispersion curves we use are from 8 s to 60 s. The total number of ray paths for each period maximized at about 7500 at 20 s period and minimizes around 3300 at 60 s (Fig. 2) . In these equations, are damping parameters for smoothing, the smoothing width, and damping parameter for the size of the perturbation, respectively. The choice of these numbers is somewhat arbitrary, and usually needs tests based on different data subsets.
To ensure that the results are not affected significantly by outliers, tomography is performed in two steps. In the first step, we use a set of relatively large regularization parameters to make an overly smoothed each layer is fixed, and the P wave velocity is updated accordingly as the S wave velocity changes. Meanwhile, density is calculated using the Nafe-Drake relation.
Layer thicknesses have been chosen based on the band-width of the study and the resolving power of the surface waves. At shorter periods (< 30s), the ray coverage is good in nearly all our inversion regions, and we are more confident about the Rayleigh wave velocities we obtain.
However, at these periods the surface wave is sensitive to shallower depths and thinner layers (See Fig. 7 ). At longer periods, the sparser ray coverage produces a smoother lateral velocity distribution and the surface waves are sensitive to greater depths and a broader depth range.
Therefore, we have thicker layers at depth. We tested the inversion program with different layer thicknesses and found that a 5 km layer can all be resolved at shallow depth. Thinner layers cannot be resolved.
We also tested the sensitivity of the inversion to the starting model and its ability to resolve discontinuities at different depth. In To test the resolution of our data, we performed checker board tests. Our starting model here is the same as in our real inversion, but with ±5% velocity variations at alternative grid nodes. From the "real" models under each grid node, first we compute the pure path dispersion curves from 8 to 60 s for Rayleigh wave group and phase velocities.
Velocity maps at different periods are then constructed. At each period, we use the exact ray path (station pairs) as in our real data to generate the travel times and average velocity for all the paths. In this process, 1 s random noise is added to the travel times of all the ray paths. Using the average group and phase velocities for paths at different periods as the synthetic data, we performed the same inversion as described previously:
constructing tomography maps for group and phase velocity on a 1° by 1° grid for each period, then generating pure path dispersion curves at each grid, and finally inverting for shear wave velocity structure under each grid to construct a 3-D map of shear wave velocity. The inverted results provide information about resolving power. by 4°, and all of the structures discussed below are bigger than this size.
Results
In this section, we first present dispersion maps for Rayleigh wave group and phase velocities. The group velocity maps are updates to the earlier versions presented by Zheng et al. (2008) . We then present the resulting 3-D shear wave velocity structure inverted using the dispersion maps and discuss the major features of the 3-D structure.
Dispersion maps of Rayleigh group and phase velocities
The ray coverage of our dispersion measurements is sufficient to invert for Rayleigh wave group and phase velocity maps at periods from 8 s to 60 s. Fig. 4 shows tomography maps for Rayleigh group and phase velocity at periods of 10, 30, and 60 s, respectively. Because the surface wave velocities are sensitive to structures at different depths (with the most sensitive depth at about 1/3 of its wavelength), the tomography maps at different periods indicate the general features of 3-D structure at depth. In general, our group and phase velocity maps are quite similar in their major features, but they also show obvious differences at small erscales, reflecting different sensitivities of group and phase velocities to velocity changes with depth (Fig. 7) .
The tomography results possess features that correlate with the large-scale geological structures of China. These features confirm earlier observations from group velocity dispersion with a smaller data set (Zheng et al., 2008) . and east of the TP underneath the major basins (Tarim, Ordos, and Sichuan). We will discuss this feature further below.
3D shear wave velocity structure
The shear wave velocity maps are plotted at different depths in Fig. 5 .
The 3-D model shows the major features that we have observed in the dispersion maps, but provide insight into the depth distribution of the causative structures.
At shallow depths (7. To demonstrate further distinct differences between different geological provinces, we compared the vertical profiles of averaged velocities in a few selected regions ( Fig. 8 and 9 ). The major regions we selected are shown in Fig. 8 : the Tarim At shallow depth, Southeast China has much higher velocity, which may be due to the fact that the area consists of folds/mountain belts.
Discussion
To test our 3-D velocity structure in different regions of China, we also compare the observed and predicted (calculated from the averaged shear wave velocity structure in Fig. 9 ) surface wave dispersion curves for several station pairs that span selected areas (Fig. 8) . Inspecting at the cross sections of our shear wave velocity structure model (Fig. 6 ) reveals that the crustal low velocity layer beneath most of the Tibetan region is not uniform. Instead, the depth and connectivity of this layer vary across Tibet. For example, along CC' profile, the low velocity layer connects to the surface at one end, and this can be similarly 20 observed along latitude 34° (Fig. 6, middle panel) , longitude 86° and 101° degree (Fig. 6, lower panel) . At the same time, the low velocity layer along AA' is more flattened as an isolated layer from the surface. At other locations, such as along profiles BB', and longitude 95°, this layer is present more as isolated blocks. The depth of the low velocity layer also varies between locations. Nevertheless, all low velocities appear to terminate at the boundary of Tibet Plateau, especially confined by the high velocity basins at the eastern margin of Tibet (as is shown in Fig. 5 ).
Therefore, the observed mid/lower crust low-velocity zone provides support for the channel flow model that has been proposed for the outward growth and uplift of the TP (Clark and Royden, 2000) and for the extrusion of crustal materials to the surface (Beaumont et al., 2001 ).
However, the geometry of the low velocity layer indicates that the mechanism of Tibetan evolution at different locations and time periods may not be simple.
Conclusion
We collected 18 months of continuous data from stations of global, 
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